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X-Ray Crystallography Reveals a Large
Conformational Change during Guanyl
Transfer by mRNA Capping Enzymes
Kjell HaÊ kansson,* Aidan J. Doherty,* (Shuman et al., 1994). Extensive investigation using site-
specific mutagenesis hasrevealed that the roles of theseStewart Shuman,² and Dale B. Wigley*
motifs are conserved in capping enzymes and ligases*Laboratory of Molecular Biophysics
(Heaphy et al., 1987; Cong and Shuman, 1993, 1995;University of Oxford
Fresco and Buratowski, 1994; Schwer and Shuman,Oxford, OX1 3QU
1994; Shuman et al., 1994; Shuman and Ru, 1995), sug-United Kingdom
gesting a common fold for this nucleotidyltransferase²Molecular Biology Program
superfamily. Further evidence for this proposal cameMemorial Sloan-Kettering Institute
with the recent crystal structure determination of T7New York, New York 10021
DNA ligase, which revealed that all but one of these
motifs are clustered around the ATP-binding site and
indicated roles for residues within these motifs (Subra-Summary
manya et al., 1996). On the other hand, there is little
sequence homology between capping enzymes and li-We have solved the crystal structure of an mRNA cap-
gases outside of these motifs. In order to investigateping enzyme at 2.5 AÊ resolution. The enzyme com-
the structural similarity between capping enzymes andprises two domains with a deep, but narrow, cleft be-
ligases, we have decided to solve the crystal structuretween them. The two molecules in the crystallographic
of a capping enzyme from the Chlorella virus PBCV-1asymmetric unit adopt very different conformations;
(Li et al., 1995; Ho et al., 1996). This enzyme is theboth contain a bound GTP, but one protein molecule
smallest capping enzyme identified to date, and prelimi-is in anopen conformation while theother is in a closed
nary examination of the recombinant enzyme, ex-conformation. Only in the closed conformation is the
pressed in E. coli, has confirmed that it is active inenzyme able to bind manganese ions and undergo
transferring a GMP cap onto the end of mRNA thatcatalysis within the crystals to yield the covalent gua-
terminates with a 59-diphosphate tail (Ho et al., 1996).nylated enzyme intermediate. These structures pro-
Since the substrate specificities of DNA ligases and cap-vide direct evidence for a mechanism that involves a
ping enzymes are very different, this structural informa-significant conformational change in the enzyme dur-
tion should help us also to understand the basis foring catalysis.
substrate recognition in these enzymes.
Although the sequence of reactions that occurs during
Introduction catalysis by capping enzymes is known, much less is
known about the molecular details of these processes.
Eukaryotic mRNA is capped at the 59 end, by a 7-methyl- Mutational analysis of capping enzymes and ligases has
GMP moiety (see Shuman, 1995 for a review). This cap indicated likely roles for some residues (Heaphy et al.,
plays an important role in RNA synthesis and function 1987; Cong and Shuman, 1993, 1995; Fresco and Bura-
and may also help to protect the mRNA from nucleolytic towski, 1994; Shuman et al., 1994; Shuman and Ru,
digestion. Since the capping of mRNA has been shown 1995), which have been confirmed or clarified by the
to be an essential activity in yeast (Shibagaki et al., 1992) crystal structure of T7 DNA ligase (Subramanya et al.,
and a number of eukaryotic viruses encode capping 1996). However, in spite of this information, much of the
enzymes (Shuman, 1995), specific inhibition of this activ- detail of the reaction mechanism of these nucleotidyl-
ity may have some potential in antiviral therapy. transferases remains unknown. To address this prob-
The capping reaction involves three separate pro- lem, we have determined the crystal structures of two
cesses that are catalyzed by three different enzyme ac- forms of the GTP complex of the PBCV-1 capping en-
tivities. The first step involves the removal of the 59-ter- zyme and the GMP±enzyme adduct, all at 2.5 AÊ reso-
minal phosphate from the triphosphate tail by an RNA lution.
triphosphatase. The reaction is usually followed by gua-
nylation and then methylation, although the order of Results and Discussion
these reactions can apparently be reversed in some
viruses (Ahola and Kaariainen, 1995). The capping en- Structure of the Protein
zyme (GTP-RNA guanylyltransferase), which is respon- Details of the structure determination and refinement
sible for the guanylation reaction, utilizes GTP in an are presented in Table 1. Residues 11±327 of the 330
unusual reaction involving a covalent enzyme±GMP ad- amino acids of the protein were defined in our final
duct, from which the GMP moiety is transferred to the model. The enzyme comprises two domains with a cleft
mRNA (Shuman and Hurwitz, 1981). Consequently, the between them. Domain 1 consists of residues 11±236
GMP cap is attached to the mRNA via a 59±59 triphos- and 319±327, while domain 2 comprises residues 238±
phate linkage. It has been shown that the GMP becomes 317 (Figure 1). A large part of domain 1 has a topology
attached to the enzyme via a lysine side chain that is similar to that of a group of ATP-binding proteins that
part of a conserved active site motif (KxDG). Further- includes DNA ligase, although the three-dimensional
more, this active site motif is one of a number of motifs structure is rather different. Furthermore, the capping
that are conserved across a wide family of nucleotidyl- enzyme contains a 50 residue extension at the N termi-
nus that is not conserved in ligases, which forms antransferases that includes ATP-dependent DNA ligases
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Figure 1. The Fold of PBCV-1 Capping Enzyme
Stereo diagram illustrating the overall fold of the capping enzyme. Residue numbers are included to assist in following the path of the
polypeptide chain. This figure was prepared using the program PREPPI.
additional two-stranded b sheet and an a helix. Domain The crystal structure of DNA ligase revealed that the
enzyme comprised two domains with a cleft between1 contains the GTP-binding site and the active site lysine
to which the GMP becomes attached during catalysis. them. Calculations of the electrostatic surface potential
(Nicholls and Honig, 1991) suggest that the DNA-bindingA series of conserved motifs, which have been proposed
previously to indicate a conservation of structure across site is situated in this cleft, adjacent to the ATP-binding
site. In addition to consideration of the structural data,a wide family of nucleotidyltransferases that includes
capping enzymes and ligases (Shuman et al., 1994), are evidence for the DNA-binding site in ligase resulted from
limited proteolysis experiments that produced two frag-located around the GTP-binding site in domain 1 and
across the cleft between the two domains. These motifs ments (Doherty et al., 1996). One of these fragments,
which retained the cleft between the domains, was ableare located in similar positions in the ligase structure
(Subramanya et al., 1996). Domain 2 comprises a greek not only to bind to DNA but also to compete effectively
with the intact enzyme for ligation sites. The cappingkey motif followed by an additional b strand and an a
helix. The last few residues of the protein (319±327) enzyme also comprises two domains with a cleft be-
tween them, although this cleft is much narrower in thereturn across the cleft between the domains to form an
amphipathic a helix that packs against domain 1. capping enzyme than in DNA ligase. This difference may
Table 1. Summary of Crystallographic Structure Analysis
Data Collection
Data l (AÊ ) Resolution (AÊ ) Rsym (%) Redundancy of Data Completeness (%)
Native 1.49 2.5 6.2 3.0 97.5
Thimerosal 1.54 2.8 8.5 2.7 97.9
Selenomethionine 1.54 2.7 7.5 2.6 95.5
Mn21 soak 0.87 2.5 5.3 3.2 97.6
Phasing Statistics
Derivative Anomalous Data No. of Sites MFID RCullis Phasing Power Mean FOM
Thimerosal yes 2 0.28 0.77 1.0 0.41
Selenomethionine no 16 0.17 0.74 1.0
Refinement
Native Mn21
Resolution (AÊ ) 2.5 2.5
Final R factor (all data, 10 AÊ to resolution limit) 21.8 22.4
Rfree (5% of data) 29.9 29.9
RMSD bonds (AÊ ) 0.012 0.012
RMSD angles (8) 2.71 2.80
No. of protein residues 634 634
No. of water molecules 360 342
Ramachandran analysis (most favored/additional allowed/generous/disallowed) (%)a 89.4/10.6/0/0 89.3/10.3/0.4/0
B factors (lowest/highest/mean)
Protein only 2.0/112.6/28.5 2.0/118.0/29.0
Water molecules 7.7/79.7/35.5 2.6/60.2/33.3
a Definitions according to Laskowski et al. (1993).
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Figure 2. Structural Basis for Specificity of the Capping Enzyme for
GTP Figure 3. Conformational Changes in mRNA Capping Enzyme
Interactions between the guanine base of the bound GTP and the Diagram showing the difference in conformation between the two
enzyme that give rise to the specificity of the enzyme for GTP rather capping enzyme molecules in the crystallographic asymmetric unit.
than ATP. Van der Waals interactions are represented in green and The open molecule is shown in red and the closed molecule is
hydrogen bonds in magenta. Distances are given in AÊ ngstroÈ ms after shown in white. The molecules were fitted by a least-squares proce-
the residue labels. dure using Ca positions for residues in domain 1 (residues 11±236)
in each case. This figure was prepared using the program RIBBONS
(Carson, 1991).reflect the difference in polynucleotide substrate speci-
ficity of the two enzymes, in which the narrower cleft of
the capping enzyme is suitable for single-stranded RNA,
while the wider cleft in DNA ligase is required to provide GTP-Binding Sites of the Two Molecules
Although electron density for the bound nucleotide co-access for the double-stranded DNA substrate. Domain
2 of the capping enzyme has a fold that differs signifi- factor was evident at the active sites of both molecules,
even the initial MIR, solvent-flattened electron densitycantly from that of domain 2 of DNA ligase, although
both are derivatives of a greek key motif. The details of maps revealed that they were different. In light of these
differences, we were careful to exclude these ligandsthe differences between the structures of domain 2 in
each case are also likely to be related to the substrate from the refinement until the final stages, to prevent
model bias. The difference electron density in the finalspecificity of the two enzymes.
The positions of the base and the ribose of the bound stages of refinement revealed that the active sites of
both enzyme molecules contained GTP (Figure 4). WhileGTP are similar to those of ATP bound at the active site
of ligase and involve many similar contacts with residues the density for the bound GTP was strong for the closed
molecule, it was poorer in the open molecule, with thefrom the conserved motifs. However, the specificity of
the capping enzyme for GTP over ATP seems to be density for the g phosphate being particularly weak. The
conformation of the triphosphate tail of each of the GTPdetermined by residues outside of these motifs (Figure
2). The 6-oxo group of the guanine ring is involved in molecules was different (Figure 4). We believe that this
observation is important for a consideration of the en-hydrogen bonds with the side chain of Lys-188 and van
der Waals interactions with the side chain of Trp-190, zyme mechanism (see below). Furthermore, the unex-
pected discovery of two conformational states of thewhile the 2-amino group is involved in a rather long
hydrogen bond to the main chain carbonyl of Pro-59. GTP complex in the crystal provides direct evidence for
a conformational change in the enzyme during nucleo-None of these interactions would be possible with ATP.
The specificity of DNA ligase for ATP over GTP was tide binding and catalysis.
The GTP is bound in the active site of both enzymeexplained by interactions between the 6-amino group
of the adenine ring and a glutamate residue (Glu-32), molecules, with the guanosine base in a syn conforma-
tion buried in a hydrophobic pocket between Phe-146that is conserved in ligase sequences, and with the main
chain carbonyl of Ile-33. (parallel stacking) and Ile-216. The ribose hydroxyls
make hydrogen bonds with Glu-131 and Arg-87. O6 ofSurprisingly, the two molecules of the capping en-
zyme in the crystallographic asymmetric unit adopt very the guanine base is hydrogen bonded to Lys-188 and
makes a van der Waals contact with the edge of thedifferent conformations (Figure 3). While one of the en-
zyme molecules has a deep, but narrow, cleft between aromatic ring of Trp-190. The triphosphate chain of the
bound GTP makes very few contacts with the proteinthe two domains, in the other molecule, this cleft is
closed offas a result of a rigid body movement of domain in the open form; the a phosphate is hydrogen bonded
to the active site lysine Lys-82 and to Lys-234 (Figure2. This movement results in a maximum displacement
of 13 AÊ at the tip of the domain. This dramatic difference 4). Upon domain closure, the a phosphate moves away
from Lys-234 and hydrogen bonds to Lys-236. As ais important for the catalytic mechanism of the enzyme,
and we shall refer to each of these conformations as result, the distance between the active site lysine and
the a phosphorus decreases from 4.0 to 3.2 AÊ . What is``open'' or ``closed.''
Cell
548
Figure 4. The GTP-Binding Sites in Each Molecule
Residues from domain 1 are labeled in yellow and those from domain 2 in white.
(A) Electron density at the active site of the open molecule. Lys-82 and Lys-234 are the only residues in hydrogen-bonding contact with the
triphosphate chain of the GTP.
(B) Electron density at the active site of the closed molecule. In this complex, additional hydrogen-bonded interactions are formed between
the GTP and residues from domain 2 as well as Arg-106, Arg-228, and Lys-236 from domain 1, which are not present in the open form.
(C) Electron density at the active site of the closed molecule after treatment with Mn21 ions. In this complex, the a phosphate is interacting
with Lys-234, Lys-236, and the manganese ion. In A±C, the difference electron density (Fo-Fc) was calculated at a stage in the refinement
prior to inclusion of GTP in the model and is contoured at 3s.
(D) Comparison of the bound nucleotide in all three forms of the enzyme. Superposition was performed as described in Figure 3.
perhaps more important is that the conformation of the (data not shown). This confirms that the nucleotide moi-
ety was not attached covalently in either molecule.entire triphosphate moiety becomes different from that
observed in the open form, with the b and g phosphates
folded away from the active site lysine. The e amino Formation of the GMP Adduct in the Crystals
The surprising discovery that there were two conforma-group of the lysine and the leaving group are on opposite
sides of the a phosphorus, which is suitable for in-line tions of the protein in the crystals led us to investigate
the biochemical reasons for these differences. A closeattack of the phosphorus by the lysine. The b and g
phosphates are within hydrogen bonding distance of examination of the electron density around the bound
GTP molecules revealed that there was no candidatenot only Arg-106, Arg-228, and Lys-234 of the N-terminal
domain, but also Asp-244, Arg-295, Lys-298, and Asn- for a bound magnesium ion in either protein molecule,
even though 5 mM magnesium chloride was present302 of the C-terminal domain. All of the oxygens of the
g phosphate are bound to positively charged residues during the crystallization. We attribute this to the high
salt concentration required for crystallization. To over-in what appears to be a strong anion-binding site.
Soaking of the crystals in harvest solution lacking GTP come this effect, we soaked the crystals in harvest solu-
tion containing a high concentration (100 mM) of manga-resulted in rapid diffusion of the GTP from the crystals,
such that after two hours, the electron density for GTP nese chloride for four hours.We chose the more electron
dense manganese rather than magnesium to assist incould not be observed in either of the two molecules
Structure of RNA Capping Enzyme
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the identification of the bound cation in the final differ- and residues from both domains are responsible for
activation of the nucleotide through interaction with theence electron density maps. Manganese has been
shown to be as effective as magnesium as cofactor for phosphate chain. Strong interactions with the b and g
phosphates also facilitate cleavage of the bond to thethe Chlorella capping enzyme (Ho et al., 1996).
After soaking, we examined the electron density of leaving group as the a phosphate approaches the active
site lysine. While this conformational activation requiresthe active sites of each of the two molecules. The bound
GTP in the open molecule retained the same conforma- domain closure and the assistance of domain 2, it is
plausible that a similar phosphate conformation couldtion as observed in the original structure. Furthermore,
there was no evidence of a bound manganese ion in be achieved in the analogous capping reaction through
interaction between RNA and enzyme.this site. However, the electron density at the active
site of the closed molecule had undergone significant What other evidence is there for this large conforma-
tional change? One obvious consequence of the domainchanges (Figure 4). It was immediately evident that there
was a large peak of difference electron density adjacent closure is that a number of residues in the C-terminal
domain are brought into the proximity of the GTP-bind-to the a phosphate of the nucleotide that we interpret
as a bound manganese ion. In addition, although the ing site. Mutational analysis of an aspartate residue
(Asp-257) in the Saccharomyces cerevisiae capping en-electron density for the b and g phosphates had disap-
peared, there was now continuous density between the zyme (Shuman et al., 1994) has shown that this residue
is required for enzyme activity in vivo. Mutation of thea phosphate and the active site lysine residue. There
were also subtle changes in conformation of the protein equivalent residue (Asp-400) in vaccinia virus capping
enzyme resulted in an enzyme that was impaired in itsside chains around the active site. All of the oxygens of
the Lys-GMP phosphate are interacting with charged ability to form the GMP adduct in vitro (Cong and Shu-
man, 1995). These would be surprising results if oneresidues; one with Lys-234 and the other two with Lys-
236 and the manganese ion, respectively. This latter were only to consider the open form of the enzyme.
However, the structure of the closed form of the cappinginteraction is the only close contact involving the man-
ganese ion, although there are other interactions that enzyme complexed with GTP indicates a role for this
residue as a result of the domain closure. The aspartateappear to be mediated by water molecules. Electron
density that we interpret as a sulphate ion (based upon residue that is equivalent (Asp-244 in PBCV-1 capping
enzyme) moves from a position remote from the activethe environment and the height of the density peak) is
now found in the position occupied previously by the site, in the open conformation, to be close to the b
phosphate of the GTP in the closed conformation. Fur-g phosphate. These observations are consistent with
turnover of the enzyme to cleave the bound GTP and thermore, the closed form of the capping enzyme re-
veals a role for the conserved sequence motif VI, whichproduce the covalent guanylated enzyme intermediate.
Since this change had only taken place in the closed has been shown to be important for activity (Shuman,
1996). Two residues from this motif (Arg-295 and K-298)conformation of the enzyme, we conclude that only this
form is catalytically competent. We presume that this contact the triphosphate tail of the GTP in the closed
GTP complex.is due to an inability of the open form of the enzyme to
bind the divalent cation that is required for cleavage of The structures presented here suggest that the mag-
nesium-binding site can only be formed after domainthe GTP and to the differences in the conformation of
the triphosphate moiety. The direct consequence of this closure. If a magnesium ion were bound at this site, then
conversion of GTP to enzyme±GMP adduct would haveobservation is that upon binding of GTP, the enzyme
undergoes a conformational change to produce the ac- taken place. Even though magnesium ions were present
in the crystallization medium, the high salt concentrationtive form of the enzyme, which is then able to bind
manganese (or magnesium) ions and promote guany- appears to have prevented the binding of magnesium
ions to the enzyme±GTP complex, allowing us to ob-lation.
serve the GTP±enzyme complex trapped in the crystal
prior to cleavage. Once the complex is challenged with
Mechanistic Implications a high enough concentration of manganese ions, the
Examination of thestructures of the two different confor- complex is able to undergo catalysis. Comparison of
mations of the capping enzyme reveals that while only the molecular surface of the open and closed forms of
the open form seems wide enough to accomodate the the enzyme (Figure 5) reveals that after domain closure,
RNA substrate, only the closed form could be guanyl- most of the GTP-binding site is blocked off from the
ated in the presence of excess GTP and Mn21 ions. solvent, with the exception of an opening that could
Therefore, since both reactions are catalyzed by the provide access for the incoming cation. Hence, the clos-
enzyme, both forms appear to be required in order to ing of the protein both ensures that the GTP binds in a
complete GMP transfer from GTP to RNA. The confor- conformation that is ready for nucleophilic attack by
mational differences between the ligands in the open Lys-82 and creates the binding site for the incoming
and closed forms show how GTP is positioned optimally cation. However, after formation of the GMP adduct,
for reaction with Lys-82 only in the closed form of the the enzyme must open up to provide access for the
protein. A similar electrophilic activation of the a phos- incoming mRNA substrate, since this site is blocked off
phate of ATP in the active site of tyrosyl tRNA synthetase in the closed form of the enzyme.
has been suggested from model building (Leatherbar- There is some evidence that other members of this
row et al., 1985). In the case of the capping enzyme, the nucleotidyltransferase family, such as DNA ligase, un-
dergo similar conformational changes during catalysis.nucleoside moiety is fixed in a pocket on domain 1,
Cell
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Figure 5. Electrostatic Surface Potential of the Open and Closed Forms
Regions of positive potential are shown in blue and negative potential in red. The GTP is shown in stick representation. This figure was
generated using the program GRASP (Nicholls and Honig, 1991).
(A) Open molecule from the side.
(B) Open molecule from above.
(C) Closed molecule from the side.
(D) Closed molecule from above. The inset shows a close-up of the region around the a phosphate group of the GTP (shown in red and
yellow).
The structural similarity between the capping enzymes latter reaction is stimulated strongly by domain 2. Fur-
thermore, the two domains comigrate partially on geland ATP-dependent DNA ligases was predicted from
sequence alignments (Shuman et al., 1994; Shuman and filtration, indicating a strong, but transient, interaction
between them that would not be predicted from theSchwer, 1995) and supported by data from mutant en-
zymes (Heaphy et al., 1987; Cong and Shuman, 1993, crystal structure. A simple explanation for these obser-
vations is that there is an interaction between these1995; Fresco and Buratowski, 1994; Shuman et al., 1994;
Shuman and Ru, 1995). We have shown that the struc- domains that promotes adenylation. This interaction is
not evident in the crystal structure of the apo enzymetures of DNA ligase (Subramanya et al., 1996) and this
mRNA capping enzyme are indeed similar, particularly or in the complex with ATP produced by soaking the
crystals in ATP and magnesium. We noted that althoughfor residues in the region of the NTP-binding site. It is
likely, therefore, that the two enzymes will also share the conditionsused to prepare this complex should have
resulted in adenylation of the enzyme, there was noaspects of their mechanisms. The conservation of a
series of motifs that line the nucleotide-binding sites evidence of covalent attachment to the active site lysine
or of a bound magnesium ion (Subramanya et al., 1996).and also cross the cleft at the domain interface was
explained in large part by the ligase crystal structure Furthermore, prolonged soaking (several days) eventu-
ally resulted in cracking of the crystals. These obser-(Subramanya et al., 1996). More recent work (A. J. D.
and D. B. W., unpublished data) has revealed that al- vations are consistent with adenylation requiring a con-
formational change that is prevented by molecularthough the entire ATP-binding site in DNA ligase is ap-
parently contained within domain 1, and although do- contacts in the crystal. It has been shown also that T7
ligase has increased resistance to proteolytic digestionmain 1 is able to catalyze the adenylation reaction, the
Structure of RNA Capping Enzyme
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Figure 6. Proposed Mechanism of Nucleotidyl Transfer by Capping
Enzymes and Ligases
(A) In this scheme, molecules in the open conformation are shown
Figure 7. A Schematic Diagram for Nucleotidyl Transfer by Capping
in red, while those in the closed conformation are depicted in white.
Enzymes and Ligases
The side chain of the active site lysine is shown in yellow, and the
The reaction pathway is the same as in Figure 6, but the roles ofnucleotide moiety (and anything to which it is attached) is shown
some of the most important residues for catalysis are shown.in green. (a) apo enzyme; (b) enzyme±GTP complex,open conforma-
tion; (c) enzyme±GTP complex, closed conformation; (d) GMP ad-
duct, closed conformation; (e) GMP adduct, open conformation; (f) bound GTP, is conserved in the S. cerevisiae and C.
GMP adduct±mRNA complex (mRNA shown in pale blue); and (g)
albicans proteins.enzyme±capped mRNA complex. Structures of (a)±(d) are presented
We can now propose a general mechanism for phos-in this paper, while those of (e)±(g) are modeled from these data.
phoryl transfer in this family of nucleotidyltransferases
(Figures 6 and 7), based upon four different crystal struc-
tures. In the first step of the reaction, GTP (or ATP inin the presence of ATP (Doherty et al., 1996), also sug-
gestive of a conformational change. The structures pre- the case of ligase) binds to the open form of the enzyme.
The binding of GTP promotes closure of the domains.sented here provide clear evidence for that conforma-
tional change in the capping enzyme, which we predict This closure is stabilized by interactions between the
bound nucleotide and residues on domain 2. The domainto be similar for DNA ligases and other related nucleoti-
dyltransferases. closure is followed by phosphoryl transfer from GTP to
produce the GMP adduct of the enzyme. The cleavageIt is likely that the structures of cellular RNA guanylyl-
transferases will resemble that of the PBCV-1 enzyme. of GTP breaks the linkage between residues in domain
2 and the nucleotide and thus destabilizes the closedAn alignment of the sequence of the PBCV-1 protein
with the sequences of the capping enzymes encoded form of the enzyme, which is then able to open up again
to release pyrophosphate and expose the RNA-bindingby S. cerevisiae (Shibagaki et al., 1992), Schizosacchar-
omyces pombe (Shuman et al., 1994), and Candida albi- site, allowing RNA to bind to the enzyme ready for gua-
nylation.cans (Yamada-Okabe et al., 1996) reveals conservation
of a central core region of approximately 270 residues The structures of the capping enzyme presented here
confirm the similarity between the NTP-binding domains(residues 56±325 in the Chlorella virus enzyme; S. S.,
unpublished data). In the structures described above, of mRNA-capping enzymes and ATP-dependent DNA
ligases, indicating a conservation of function for thealmost every amino acid side chain of the Chlorella virus
capping enzyme that makes contacts with the phos- conserved motifs in both structures. The difference in
conformation observed for the two GTP complexes pro-phates and the sugar of GTP is conserved in the cellular
counterparts. These include key residues within the six vides direct evidence for a significant conformational
change during nucleotidyl transfer in the capping en-motifs that define this nucleotidyltransferase superfam-
ily, as well as residues outside of these motifs (e.g., Arg- zymes, which is likely to be similar in other members of
this enzyme family. However, it is evident that this is not106 and Asn-302). Residue Lys-188, which contacts the
Cell
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capping enzyme guanylyltransferase from Saccharomyces cerevis-was initially refined using positional refinement in XPLOR with some
iae: similarity to the nucleotidyl attachment motif of DNA and RNArestraint of the noncrystallographic symmetry, followed by simu-
ligases. Proc. Natl. Acad. Sci. USA 91, 6624±6628.lated annealing refinement, during which the restraints were re-
Heaphy, S., Singh, M., and Gait, M.J. (1987). Effect of single aminoleased in light of the differences between the molecules. The refine-
acid changes in the region of the adenylation site of T4 RNA ligase.ment was completed using positional refinement in XPLOR without
symmetry restraints, but with restrained temperature factors. Man- Biochemistry 26, 1688±1696.
ual rebuilding was carried out between the refinement cycles. The Ho, C.K., van Etten, J.L. and Shuman, S. (1996). Expression and
crystallographic free R (BruÈ nger, 1992) was monitored at each stage characterization of an RNA capping enzyme encoded by Chlorella
to prevent model bias. The nucleotide cofactors were omitted until virus PBCV-1. J. Virol. 70, 6658±6664.
the final stages of the refinement, also to prevent model bias. Statis-
Jones, T.A., Zou, J-Y., Cowan, S.W., and Kjeldgaard, M. (1991).tics on the final model are presented in Table 1. When domains 1
Improved methods for building protein models in electron densityof each molecule in the final model are superimposed (as in Figure
maps and the location of errors in these models. Acta Cryst. A47,3), the rms difference in Ca positions is 0.44 AÊ for domain 1 but 8.5
110±119.AÊ for domain 2. However, when domains 2 alone from each molecule
are superimposed, the rms deviation for Ca positions is only 1.4 AÊ . Laskowski, R.A., MacArthur, M.W., Moss, D.S. and Thornton, J.M.
These data indicate that the domain movement is largely a conse- (1993). PROCHECK: a program to check the stereochemical quality
quence of a rigid body rotation between the two conformations of of protein structures. J. Appl. Cryst. 26, 283±291.
the protein rather than an alteration of the secondary structure. Leatherbarrow, R.J., Fersht, A.R., and Winter, G. (1985). Transition
The GMP adduct was prepared by harvesting crystals as de- state stabilisation in the mechanism of tyrosyl transfer RNA synthe-
scribed previously (Doherty et al., 1996) and then soaking them in tase revealed by protein engineering. Proc. Natl. Acad. Sci. USA 82,
harvest solution containing 100 mM manganese chloride and 5 mM 7840±7844.
GTP for 4 hr. Crystals were then flash frozen for data collection as
Li, Y., Lu, Z.Q., Burbank, P.E., Kutish, G.F., Rock, D.L., and Vanetten,described above. Refinement of the protein was carried out in a
J.L. (1995). Analysis of 43 KB of the Chlorella virus PBCV-1 330KBsimilar manner to that used for the GTP complex, using the coordi-
genomeÐMap positions 45±88. Virology 212, 134±150.nates for the protein part of the GTP complex as our initial model.
The same subset of data was used for the calculation of free R Nicholls, A., and Honig, B.J. (1991). A rapid finite-difference algo-
factor, to prevent bias toward our initial model. The final stages of rithm, utilizing successive over-relaxation to solve the Poisson-
the refinement allowed the positioning of the solvent molecules and Boltzmann equation. J. Comput. Chem. 12, 435±445.
the nucleotide moieties. Statistics on the final model are presented Otwinowski, Z. (1993). Oscillation data reduction program. In Data
in Table 1. Collection and Processing, S.E.R.C. Daresbury DL/SC1/R34, pp.
56±62.
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